Abstract After the catastrophic failure of a red mud reservoir in Hungary, we performed a persistent scatterer radar interferometry (PSI) deformation analysis to investigate the stability and motion history of the entire area focusing on the dam walls of the collapsed structure. Our aim was to contribute to the better understanding of the disaster and, more importantly, to see whether it was possible to prognosticate and consequently prevent the failure of the reservoir and to help avoiding such occurrences worldwide. Our earlier data revealed that the surroundings were generally very stable over the investigated 8 years time interval, whereas significant continuous motions were detected on the embankments. After these first results, we continued our PSI deformation study with the processing and evaluation of the complete ascending pass ENVISAT dataset and later with the combination of the results of the two different observation geometries. From our descending and ascending data, it was possible to combine motions determined in line-of-sight directions and to investigate horizontal and vertical components allowing the estimation of 'total' velocity vectors, magnitude and directions, at those locations of the reservoir and on the entire study area where reflections from both projections were available. It was also possible to get information from several other segments of the embankments of the failed reservoir where the descending geometry was unfavorable. With the combination, the complete ENVISAT PSI analysis using both ascending and descending orbit data enabled 
us to constrain the role of the soil structure and to look at the differential uplift or subsidence due to swelling soil effect. It also enabled us to constrain the role of the deposited mud, slurry, and accumulated water, and the strength and design of the structure in the failure of the red mud reservoir. Models were also constructed to visualize the observed motions of the reservoir embankments and to highlight the location of strain and stress accumulation providing significant constraints on the natural and anthropogenic origin of the disaster.
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Introduction
The No. 10 red mud-waste product during bauxite refining-reservoir of MAL Co. Ltd. alumina plant collapsed on October 4, 2010. The released alkaline slurry flooded three settlements and resulted in fatal disaster. Since no results appeared of any stability control surveys and probably no land-based or space geodetic control networks existed on and around the reservoir system at all, synthetic aperture radar interferometry (InSAR) remained the only geodetic technique that can reveal the past stability and motion history of the broken reservoir. Thus, we commenced an InSAR analysis to investigate stability and motion history and to better understand the factors that led to the disaster. We have reported the first results based on InSAR analysis of the descending orbit data earlier in this journal (Grenerczy and Wegmüller 2011) . The descending orbit InSAR analysis could only enable us to assess stability and motion history of the reservoir and its surroundings in the satellite line-of-sight direction. Therefore, constraining the factors leading to the disaster and investigating the real origin of the motions were largely limited, as the actual motions may not be retrieved. Our analysis on ascending pass data can solve these issues. It also increases the number of points, and complements the coverage as additional parts of the dam become observable. Most importantly, with the combination with the earlier published descending pass results, the actual motion directions and magnitudes could be far better constrained and let us investigate the relation of the disaster to natural phenomena and also to anthropogenic origin. Natural origins at larger scales have already been investigated in our earlier analysis (Grenerczy and Wegmüller 2011) . Regarding the direct tectonic origin of the collapse, the sub-mm/year present-day crustal motion (Grenerczy et al. 2005) of the area and the resulted moderate seismicity (Zsíros 2000; Tóth et al. 1996 Tóth et al. -2010 suggest that crustal strain and stress release had no role in the failure of the reservoir. Earthquakes occurring in such a moderately deforming environment (Bus et al. 2009 ) may have effect on the dam walls, but no intensity above 3.5 on EMS scale has been reported in case of any earthquake event in the last 15 years, and the seismometers detected no event around the time of the collapse either (Tóth et al. 1996 (Tóth et al. -2010 . Smaller-scale surface motions such as landslides can be excluded because of the flat topography. All other types of local motion phenomena of natural or anthropogenic origin can be precisely investigated in high resolution with PSI analysis. Our PSI deformation study using the combination of ascending and descending orbit data addresses issues such as the argument whether softened soil loses its supporting power, or swelling soil effect due to presence of clay causes differential vertical motion. The data may reveal whether any other anthropogenic motion exists that may have effect on the structure. They may also show whether the embankments were pushed outward by the excessive pressure of the load. The embankments are made of fly ash (Bánvölgyi 2010) with rigidity of a semi-strong concrete, and its response to strain due to any of the above mentioned may be abrupt. In our combined ENVISAT PSI analysis, we try to address these issues with the primary aim of constraining the origin of the disaster as much as possible using probably the only existing direct measurements available.
Data
Our analysis is based on the complete dataset of ENVISAT Advanced Synthetic Aperture Radar (ASAR) sensor including all observations of both ascending and descending satellite passes. Description and processing of the descending pass dataset were reported earlier (Grenerczy and Wegmüller 2011) . The ascending pass ENVISAT data coverage of the area consists of 31 images between November 20, 2002, and September 29, 2010 , with the last scene acquired just 5 days before the disaster. We used the complete ASAR observation of ENVISAT satellite in this geometry as well, all scenes of track 229, in image mode, swath 2, ascending pass provided by the European Space Agency (ESA). Persistent scatterer interferometry technique (PSInSAR, IPTA, CTM) (Ferretti et al. 2001; Wegmüller et al. 2003 ; Van der Kooij et al. 2005 ) was used similarly for the descending pass data analysis (Grenerczy and Wegmüller 2011) . In this InSAR method, we analyze stack of images to identify objects/scatterers on the ground providing consistent and stable radar reflections back to the satellite (Ferretti et al. 2007 ). Similar to the descending dataset, we performed an Interferometric Point Target (IPTA) processing (Wegmüller et al. 2003 ) using a stack with a single temporal reference. The SAR raw data were processed to single-look complex images (SLCs). These SLCs were then co-registered to the same master geometry. For a subsection of the co-registered SLCs, we determined a list of qualified scatterers and the heights of these points. Nearly 15,000 points were found in the study area, including some on the dam structure also on many locations where descending geometry was unfavorable. The motion histories of all these points were determined. The scene of June 11, 2008, was used as temporal reference in the ascending dataset; for precise orbit information we used DORIS data provided by ESA. After a refinement of the baselines, we estimated the linear deformation rate and quality information from the wrapped phases using a bilinear regression on the phases relative to the time interval from the reference date and the perpendicular baseline. Based on the residual phases, we estimated low-frequency atmospheric path delays, and based on the standard deviation from the regression, the quality measures. PSI estimates the line-of-sight (LOS) component of the deformation that does not exceed phase ambiguity between observations. The look vector direction in ascending mode is defined by a 23.3°incidence angle relative to the vertical direction and azimuth angle of -12.6°relative to the west-east direction, very similar to those of descending (25.89°and -12.2°relative to the east-west direction). The results of this analysis together with the earlier descending pass observations, both in LOS directions, were combined and used in further analyses.
The ascending mode data ( Fig. 1 ) confirm that Kolontár, Ajka, and Devecser settlements and the close vicinity of the reservoir are generally very stable between 2002 and 2010 with deformation rates smaller than ±2 mm/year. The stability in two different LOS directions proves that no significant vertical motion is observed either in the close vicinity of the reservoir or at larger scale. The ascending data from the western wall show significant positive LOS motion mostly at the northern segment and no LOS motion at its southern part. In ascending mode, we obtained data from the northern wall as well that could not be resolved in descending. Although it is poorly represented, probably because of its temporal decorrelation due to, for example, significant structural modifications, the northern dam wall shows significant continuous motion away from the satellite sensor. The NE segment of No. 10 reservoir and SW of No. 9-east of the broken No. 10.-are all newly resolved locations in ascending complementing the descending data coverage. They show no significant deformation in LOS. Regarding the immediate and large-scale surroundings of the reservoir, general stability was observed in ascending pass as well as in descending pass data. Fig. 1 Color-coded average linear deformation rate estimated from ENVISAT data between November 20, 2002, and September 29, 2010 , in the study area from ascending pass observations. The red arrows indicate the look and flight directions, the green circle is the reference point, and the background image is the SAR average backscatter. For the descending data, see Grenerczy and Wegmüller (2011) 
Combination
After the processing of ENVISAT ASAR observations from both geometries, using results in line-of-sight directions from descending and ascending orbits, estimation of the 'total' velocity vectors becomes possible. Magnitude and directions of the real motions can be constrained at those locations of the embankment that are resolved in both geometries. The knowledge of the actual ongoing deformation let us investigate the natural as well as anthropogenic factors that led to the disaster. The color-coded LOS velocities in ascending and descending modes are shown on Fig. 2 along with their actual observation geometries. An example of combination of observations along the western dam wall is also shown based on data observed at the later-collapsed NW corner. Here, the data show 20.5 mm/ year mostly horizontal westward, outward-oriented velocity with -11°dip angle, which is a small subsidence. This is the realistic three-dimensional velocity of the western dam wall at the NW corner based on the last 8 years of observation. It is important to note that InSAR is much less sensitive in the N-S component than in the other two. However, it is not sensible to expect large-scale, long-term, constant shrinking or elongation, especially not the N-S translation of the complete mainly N-S-oriented structure on a flat topography that is-on the other hand-constrained by the robust and intact, joint southern corner with deposit No. 10a. We have taken into account the exact angle difference between the azimuths of the two observations and the actual azimuth of the western dam wall as well. In this case, we only need to convert the ascending observation due to its different azimuth from the dam wall orientation. The motion observed in ascending pass projection can be converted using the azimuth difference with simple trigonometry. It hardly affects, however, the actual velocity resulting in only 0.4 mm/year (2 %) larger value, for example, at the collapsed NW corner than the combination without taking the small azimuth difference into account.
There are more than ten locations along the western dam where both observation geometries provided data. Figure 3 summarizes the combination and the actual motion of the three representative segments of the western dam wall of the reservoir. There is some differential vertical motion detected, but the data show no significant subsidence or uplift that would indicate different supporting power of the soil structure along the dam wall. Vertical components are below ±0.5 cm/year, whereas the horizontal rates of motion are several times higher. According to the combined data, the observed motions are dominantly horizontal all along the western embankment, and no long-term large vertical velocity was observed; thus, the soil structure and supporting power of the ground were generally even, and no significant strain accumulation could occur due to the slight differential vertical motions. The western dam wall continuously moved to the west, outward of the reservoir, over the studied last 8 years. The observed velocities are generally increasing from south to north from 12 to 21 mm/year, the largest value found at the laterfailed northwestern corner. These correspond to about 10-16 cm displacements over the last 8 years of the reservoir. The assessment of the total motion and displacement would require satellite data over the entire life span of the embankments that is significantly longer. ERS-1 and ERS-2 SAR sensors and their observations dating back to 1992 may address this issue. Interesting to note that velocities appear to correlate with the depth of the accumulated liquid inside the reservoir and seem inversely proportional to the amount/ height of consolidated red mud deposited in the reservoir as optical imagery indicates in the last few years. The other factor that needs to be noted is that the area of the southern corner has additional support from the dam wall of another pool-No. 10a deposit-to the south.
The northern wall is not represented in descending mode, but it appears in ascending mode. The observed velocity shows large, *1 cm/year increasing LOS value that may be subsidence, outward motion, or their combination. Because of the missing descending resolution, the actual motion direction can only be estimated with assumptions. These assumptions are rather sensible considerations, as it is very unlikely that the E-W-oriented structure moves to the east as a whole on a flat topography, especially because its northeastern corner is proved to be stable. It is also very unlikely that the dam wall moves laterally inward toward the deposited mud against its pressure. Thus, it is sound to assume that the weaker/thinner northern wall behaves similarly to the very well-constrained motion of its western neighbor. The northeastern curved corner shows no motion in ascending line of sight, which probably indicates stability because both outward motion and subsidence or their combination would not result in zero LOS velocity in this geometry. The SW segment of the adjacent No. 9 reservoir wall is also partially resolved in ascending, but no descending data were obtained. Here, however, based on the above considerations and because of geometrical reasons, the near-zero motion in ascending LOS cannot be a proof of stability alone, since a combination of subsidence and outward motion in this projection may result in the same value. The surroundings of the reservoir, points and represented structures around it, are all proved stable. No motion phenomena were revealed by the data in neither of the geometries, indicating complete vertical ground stability. 
Interpretation of the observed motions
With the combination of the ascending and descending pass results, it is possible to compile a three-dimensional model for illustration purposes based on the observed and derived displacements showing the motions and the consequent deformation of the structure (Fig. 4. ). This simple model focuses on the western and northern dam walls and the later-collapsed NW corner. The northern dam is attached to the western dam wall forming the inner corner together, whereas the outer corner is given by the western dam wall only. The motion of the western wall is strongly constrained in both observation geometries that indicate continuous westward, outward-oriented mostly horizontal motion with slight vertical component in the last 8 years that increases to the north. In the case of the northern wall, data coverage is poor due to the geometry and temporal decorrelation, and no data are obtained in descending pass. Therefore, the actual motion of the northern wall is based on the ascending observations only with the assumption of similar behavior to the western wall. An assumed outward, mostly horizontal motion for the northern wall is in agreement with the observed LOS motion in its ascending orbit data. Based on the assumption and the observation, the actual velocity would be 3.9 cm/year. This magnitude of outward-oriented, horizontal motion of the northern wall projected to ascending LOS direction equals the observed LOS velocity value there. The dam walls near the collapsed part are represented by 2.0-2.05 cm/year westward-oriented -11°down-dipping velocity Fig. 3 Vectors represent the actual measured velocities at different segments of the western dam wall, and all are in the same indicated scale. Geometries also show the actual angles of the observation. Blue is from descending pass geometry, red is from ascending observations, and black is the calculated 'total' velocity from the two sets of observations and geometries that are represented by 32 desc. and 31 asc. scenes covering from November 20, 2002 , to September 29, 2010 . Errors are in the range of 0.7 mm/year. The dam and the satellites are for illustration purposes and are not to scale in case of the W dam and 3.9 cm/year velocity in case of N dam with the above assumption on its orientation. With the given *105°angle of the dam walls, these motions result in several cm/year extension rate and sinistral slip rate at the NW corner that collapsed later.
We found an alternative interpretation (Fig. 5. ) that theoretically may also be in agreement with the observations. This holds only if we assume the followings: the dam is completely rigid and it tilts as a whole inward, the descending observations come from the top inner side of the dam and the ascending come from the western side, the axis of the tilt is such that the scatterers identified on descending all lie on the subsiding, down turning part and the scatterers identified on the ascending data come from various locations around the tilt axis and those with positive LOS velocity come from lower locations indicating uplift, those with no significant LOS velocity comes from upper locations close to the tilt axis. Fig. 4 Simple three-dimensional illustration of the observed displacements showing the motion and the consequent deformation of the structure. The northern dam wall is attached to the western wall forming the inner corner, whereas the outer corner is given by the western dam wall only. Thus, the actual motion of the outer corner (W dam) is shown on the left, whereas displacement at the inner corner is the combination of the motions of the two dam walls. The three-dimensional motion and deformation model is based on observed ascending and descending orbit data in case of the western dam and ascending data at the northern dam wall. T 1 … n are epochs of observation. Crosses indicate the location of the cross section of the western wall (indicated on the left) (Figs. 4, 5. ) and their combination clearly indicate the same very large tensile and shear stress accumulation and very high extension and sinistral shear strain rate at the corner, and explicitly highlight the pressure of the load (mud, slurry, and the large amount of accumulated water) and the weakness of the rigid structure with respect to that. The load continuously pushed the dam walls outward over the years accumulating tensile and sinistral shear stress at the corner of the western dam wall moving to the west and the northern dam wall moving to the north. The relative motion at the corner-given the sharp *105°angle-added up, and the rigid structure made of fly ash was probably weak in material and geometry to withstand the accumulating strain due to the extensive outward pressure of the load and collapsed.
Conclusions
Both the descending and ascending ENVISAT ASAR datasets prove and clearly show that the entire area and the nearby settlements Kolontár, Ajka, and Devecser are generally very stable between 2002 and 2010 with deformation rates smaller than ±2 mm/year. (Slight local uplift *3 mm/year is observed 6 kms SE of the reservoir in the southern part of Padragkút, perhaps due to post-coal-mining water table increase). The close vicinity of the No. 10 reservoir is proved to be very stable as well by the two sets of ENVISAT observations of the last 8 years, with stability below the ±2 mm/year level.
Data indicate significant, continuous movement of the reservoir embankments at least in the last 8 years, which is the complete observation period of ENVISAT satellite.
The western dam of the reservoir is resolved in both ascending and descending satellite passes allowing their combination. The western dam moves mostly horizontally to the west, outward of the reservoir with velocities between 1 and 2 cm/year, increasing from south to north. The largest observed motion of the embankment is found at the later-failed northwestern corner. Here, the velocity of the dam reaches 2-2.05 cm/year which is westward-oriented with 11°down dip that indicates -0.4 cm/year vertical component that is subsidence.
The northern dam of the reservoir is poorly represented, probably because of its temporal decorrelation due to significant structural modification affecting the reflectivity. The data on the northern wall show -0.9 cm/year negative (increasing distance) LOS velocity in ascending projection. If-similar to the neighboring western dam-its motion is mostly outward horizontal, its magnitude is 3.9 cm/year from geometrical considerations. This magnitude of outward-oriented horizontal motion of the northern wall projected to LOS ascending direction equals the observed LOS value.
The NE corner of the reservoir shows no significant LOS motion in ascending mode, indicating no outward motion or subsidence there.
The SW segment of the No 9 reservoir is also resolved in ascending pass, and no significant LOS motion is detected.
The observed rates of motion of the western and northern dams appear very high, and consequently the deformation due to their relative motion at the northwestern corner is remarkably high. The 3-D relative motion of the embankments indicates very large tensile and shear stress accumulation at the northwestern corner of the reservoir: 2 cm/year velocity, 16 cm displacement over the last 8 years observed on the west side of the corner, and probably *3-4 cm/year, 24-32 cm displacement derived-with assumption-on the north side. With the given *105°angle of the dam walls, it results in several centimeters per year extension rate and sinistral slip rate at the NW corner.
PSI data indicate mostly outward horizontal motions, large tensile stress, and extensional strain accumulation at the NW corner, highlighting the role of the load (mud, slurry, water) and the weakness of the structure with respect to that. The results suggest that the western and northern dam walls were pushed outward and pulled apart, eventually bursting the NW corner.
The rate of motion and the displacement revealed in this combined analysis are significantly higher than the line-of-sight projected values of the previous dataset and provided clear insight into its origin. It underlines that motions could have been detected on site with both land-based and space-based geodetic measurements several years ago. The combined PSI data suggest that proper monitoring of the dam motion may have highlighted the risk of the structural failure and could have pointed out the location of the highest deformation rate and that the disaster might have been prevented. It strongly emphasizes the need of explicit deformation monitoring regulation for hazardous structures, but also demonstrates that if such monitoring is omitted, PSI is capable of revealing deformation history posteriorly.
